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Abstract 
SIS300 fast-cycling superconducting quadrupole magnet is developed at IHEP. Temperature margin and minimum 
quench energy are main parameters of stability of superconducting magnets. These parameters are important for the 
design and safe operation of superconducting magnets. But additional understanding for fast-cycling superconducting 
magnets is needed. To calculate the temperature margin one needs coupled numerical transient simulation of 
electromagnetic and thermal processes in the coil because critical temperature, operating temperature and AC losses 
are nonuniform over turns and their magnitudes vary in time during accelerator cycles. For calculation of the 
minimum quench energy the combination of the network model with thermal analysis is necessary, which allows one 
to model quench dynamics, including the effects of a current redistribution between strands of cable and spatial 
inhomogeneity of cable. Results for the temperature margin and the minimum quench energy for the magnet are 
presented and theirs dependence on various parameters is discussed.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
Russia expressed interest to participate in the international project FAIR [1]. At the moment, IHEP’s 
main tasks are to develop a design of the main quadrupole [2] for the SIS300 ring.  
 
Nomenclature 
ǻTmin Temperature margin 
Ikink Current of ‘kink’ 
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The main quadrupole parameters are: 45 T/m central gradient; 10 T/m/s the field ramp rate; maximal 
magnetic field in the coil is 3.5 T; maximal magnetic field ramp rate in the coil about 1 T/s; the operating 
current Iop is 6.26 kA [2].  
As a rule superconducting dipoles and quadrupoles for accelerators should have very high current 
density and small amount of stabilizer. Superconductors for such magnets are metastable. Rutherford type 
cable design is used in accelerator magnets and in the SIS 300 magnets. One of the main requirements to 
these magnets is their stability. The stability of magnets can be estimated by means of a temperature 
margin and minimum quench energy (MQE). As the given magnet is fast-cycling, temperature margin has 
to be larger 1 K and MQE of the cable has to be considerably higher than the MQE of a single strand, to 
meet these requirements it is necessary to have a cable with low losses and simultaneously with a good 
redistribution of currents between strands of the cable during quench.  
Keystone 19-strand Rutherford cable of the quadrupole has a core decreasing losses in a perpendicular 
magnetic field and strands, coated by a 0.5 μm thick Staybrite with low resistance for good redistribution 
of currents between strands. The thickness of the core is 25 μm and the width is 6 mm. The core is made 
from an annealed 316L stainless steel foil. The cable is 8.25 mm wide and the average thickness is 
1.447 mm, transposition length is 60 mm, adjacent resistance Ra is § 0.2 mȍ, crossover resistance Rc is > 
20 mȍ, the other parameters are presented in [2]. Critical current density of strand is 2700 A/mm2 (5T, 
4.2K), 3.5-ȝm filament diameter, 5-mm filament twist pitch, RRR > 110. The cable of the quadrupole 
will be insulated by a polyimide tape. The radial thickness of the insulation is 125 μm and the azimuthal 
thickness is 98 μm. In first variant of the quadrupole the radial thickness of the insulation was 80 μm and 
the azimuthal thickness was 72 μm [2].  
1.1. Temperature margin analysis approach 
In fast-cycling magnets AC losses, operating temperature and critical temperatures are not 
homogenous over turns of coil and their magnitudes vary in time during accelerator cycles. So it is 
necessary to determine the operating T0k(t) and minimal critical Tck(t) temperatures in each k-th turn of 
the coil during accelerator cycles, next it is necessary to determine the minimal differences between 
critical and operating temperatures for each k-th turn: ǻTmink = min (T0k(t)-Tck(t)). The temperature 
margin of fast-cycling superconducting magnet is ǻTmin = min (ǻTmink), k = 1,…, N, N is the number of 
turns. 
A computer code has been developed for analysis of transient processes in a superconducting magnet 
during accelerator cycles [3]. Temperature margin analysis is based on simultaneous numerical solution: 
the transient equations of thermal conductivity for coil, beam tube, inter-turn spacers and collars; energy 
equation for each helium flow; standard equations are used for calculations of hysteresis and coupling 
losses in the coil, the network model, based on solving Faraday’s and Kirchhoff’s equations, is used for 
calculations of cable losses. Magnetic flux density B(r, t) and Br(r, t), Bș(r, t) components spatial 
distributions in the coil are determined in electromagnetic part of code. 
1.2. Approach to analysis of MQE 
The stability of the superconducting Rutherford cable against local disturbance is described in general 
by a curve, presenting the MQE, as a function of the current I or of the ratio of the current to the critical 
current I/Iɫ. If there is current redistribution between strands of the cable, normally these curves exhibit a 
sharp ‘kink’, separating two distinctive stability regimes. The current, at which the ‘kink’ occurs, is called 
Ikink [4], [5]. If current is larger the Ikink, MQE of the cable is equal to the single strand MQE. If current 
lesser than Ikink, MQE of the cable can be more two orders higher than the MQE of a single strand, this 
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current redistribution increases stability. In order to improve the stability, a shift of the ‘kink’ to higher 
current is highly desirable. This can be achieved by increasing the Residual Resistance Ratio of the 
copper, and by decreasing the contact adjacent resistivity Ra and thermal contact. 
 Calculations of MQE in Rutherford cables is a complex task and requires detailed non-linear 
multiphysics models. At CERN the program CUDI [4] for calculation of MQE was developed. At IHEP 
also a code for calculation of MQE has been developed [6], [7]. 
Approach to stability analysis of the superconducting cable against local disturbance is based on 
calculation of MQE, as a function of the current and determining the Ikink in adiabatic condition [7]. If for 
a magnet the ratio of the current of kink to the operating current Ikink/Iop > 1, a magnet will have a good 
stability. In the SIS300 ring quadrupoles will be cooled by supercritical helium. It is shown in paper [5] 
that supercritical helium has little effect on Ikink. 
2. Temperature and current margins of the quadrupole analysis 
For the thermal analysis of one quadrupole it is necessary to know the warmest inlet temperature of 
supercritical helium in quadrupoles of the SIS300 ring. Change of helium temperature along the half-ring 
was presented in paper [8], as a result of the cryogenic analysis. From [8] one can see that the warmest 
inlet temperature of the helium in quadrupoles is § 4.7.  
So calculation of temperature distribution over the coil versus time was made for sequence of SIS300 
cycles. Calculation shows that the thermal process in the coil stabilizes after fifth cycles. Transient 
analysis allowed us to determine ǻTmin, it is greater than 1.5 K , and it is in the pole turn of each coil 
octant. The calculated temperature evolution of the pole turn of coil during some cycles (purple line) is 
shown in Fig. 1(a). The evolution of calculated difference between critical and operating temperatures of 
the pole turn of coil during some cycles (green line) is shown in Fig. 1(b). The right axis and the blue line 
show the operating current. Red point at Fig. 1(a) shows the operating temperature (4.9 K) of the turn 
corresponding the ǻTmin. Red point at Fig. 1(b) shows the ǻTmin. The ǻTmin occurs at the end of each 
ramp-up, after fifth cycle.  
The temperature distribution To over the turns of coil octant together with the wedges after ramp-up in 
fifth cycle (75 s) is shown in Fig. 1(a). The distribution of the critical temperature in the turns of coil 
octant at operating current is presented in Fig. 1(a). 
The calculation shows that the temperature margin of the quadrupole in SIS300 cycles is greater than 
1.5 K, the minimal critical temperature in the turns of the quadrupole is 6.44 K and operating temperature 
of the turn corresponding the temperature margin is 4.9 K. 
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Fig. 1. (a) Temperature evolution of the pole turn of coil during some SIS300 cycles; (b) Difference between critical and operating 
temperature evolution of the pole turn of coil during some SIS300 cycles. 
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Knowing the operating temperature of the turn corresponding to the temperature margin, it is possible 
to calculate the current margins of the quadrupole at this temperature. The maximal magnetic field in coil 
of the quadrupole versus current (load line) as well as the magnetic field dependence on critical current at 
temperature of 4.9 K are shown in Fig. 2(b). The red point shows the magnet operating point at 45 T/m. 
The ratio of operating current (6.262 kA) to critical current along the load line is 70% of the critical 
current. The ratio of operating current to critical current at constant magnetic field (maximum in coil) is 
48%. The theoretical short sample current limit is 9 kA. 
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Fig. 2. (a) Temperature distribution in the turns of coil octant and wedges after 75 s and distribution of critical temperature in the 
turns of coil octant at operating current; (b) The maximal magnetic field in coil of the quadrupole versus current  and the magnetic 
field dependence on critical current at temperature of 4.9 K. 
3. Analysis of the quadrupole MQE 
Simulations of MQE of the cable of quadrupole in adiabatic condition were performed with the CUDI 
and code, developed at IHEP. The thermal contact conductivity between contacting strands is 
kcont = fcont·T2.25 where T is a temperature of a strand, fcont is constant. In calculation of MQE was used 
fcont = 200 Wm-2K-2.25 [7]. The contact surface between contacting strands in the cable is 150 mm2 [5].  
The simulated curves of MQE for RRR of 110 and 200 are shown in Fig. 3(a). One can see in adiabatic 
condition Ikink is § 8 kA, and the ratio Ikink/Iop is about 1.25. It means that the quadrupole having cored 
cable, with parameters: RRR > 110, Ra § 0.2 mȍ, Rc > 20 mȍ will have a good stability against local 
disturbance. Measurements of MQE difficult are performed in adiabatic condition or if cable will be 
cooled by supercritical helium. Measurements of MQE of the cable have performed in liquid helium [7]. 
In Fig. 3(b) the measured and calculated MQE are plotted against a current. The measured and calculated 
MQE curves coincide well. In liquid helium the ratio Ikink/Iop is about 1.6 [7]. 
The quadrupole prototype was produced and successfully tested in liquid helium at IHEP [9]. This 
magnet had a good stability and worked at nominal current up to 5 kA/s (33.8 T/m/s) ramp rate.  
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Fig. 3. (a) Calculated MQE of the cable versus current for adiabatic condition; (b) Calculated and measured MQE of the cable 
versus current (the cable cool liquid helium). 
4. Conclusions 
The numerical models were developed to calculate temperature margin and minimum quench energy 
in a superconducting magnet made from Rutherford cable. The thermal analysis has shown that the 
calculated temperature margin of the quadrupole during accelerator cycles will be greater 1.5 K and 
occurs on the pole turn of each octant of the coil. For adiabatic condition ratio Ikink/Iop is about 1.25. The 
magnet prototype had very good stability when cooled by liquid helium and the quadrupole will have a 
good stability in the SIS300 ring. 
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